One of the major challenges with microencapsulation and delivery of low molecular weight bioactive compounds is their diffusional loss during storage and process conditions as well as under gastric conditions. In an attempt to slow down the release rate of core material, electrospray fabricated calcium alginate microhydrogels were coated with low molecular weight and high molecular weight chitosans. Caffeine as a hydrophilic model compound was used due to its several advantages on human behavior especially increasing consciousness. Mathematical modeling of the caffeine release by fitting the data with Korsmeyer-Peppas model showed that Fick's diffusion law could be the prevalent mechanism of the release. Electrostatic interaction between alginate and chitosan (particularly in the presence of 1% low molecular weight chitosan) provided an effective barrier against caffeine release and significantly reduced swelling of particles compared to control samples. The results of this study demonstrated that calcium alginate microhydrogels coated by chitosan could be used for encapsulation of low molecular compounds. However, more complementary research must be done in this field. In addition, electrospray, by producing monodisperse particles, would be as an alternative method for fabrication of microparticles based on natural polymers.
Introduction
Alginate is an anionic natural polysaccharide mainly extracted from brown seaweeds. It is often the first choice for food, pharmaceutical and biomedical applications owing to its biocompatiblity and low toxicity [1] . Considering the facile sol-gel transition of alginate, it is by far one of the most extensively used biopolymers for microencapsulation of functional components such as vitamins and probiotics, immobilization and tissue engineering [2, 3] . Alginate gelation occurs through binding of calcium ions to the carboxylic groups existing in its polymer chain resulting in egg box structures [4] . Direct mixing of alginate and Ca 2+ ions solutions does not produce a homogenous gel due to the very rapid and irreversible formation of interchain junctions. The only exception is when alginate solution is mixed with small amounts of crosslinking ions at high shear rates [5] . To control the gel structure two different methods have been proposed: diffusion and internal setting. In the diffusion method, the crosslinking ions (Ca 2+ ) diffuse from an outer reservoir into the alginate solution, leading to the formation of more ordered gel structure. In the internal setting method, Ca 2+ ions are released in a controlled manner from an inert calcium source in response to changes in physicochemical conditions of the surrounding environment, for instance the release of Ca 2+ from CaCO 3 by decreasing the pH [6] . In general, the component to be encapsulated is mixed with alginate solution. Then, the mixture is injected into a solution containing Ca 2+ ions. Despite the simplicity and quickness of such encapsulating system, the surface tension of the polymeric solution is a limiting factor for the production of small homogeneous droplets with low polydispersity index (PDI) which should be overcome by carefully adjusting the process conditions.
Electrospraying is a method of atomizing a liquid or polymeric solution by applying electrostatic forces stronger than its surface tension [7, 8] . In this process a liquid droplet at the tip of a capillary nozzle once exposed to a high electric field, undergoes a shape deformation to a cone, due to internal electrostatic repulsions and external attractive Coulombic forces, from which a jet is emitted that subsequently breaks up into fine droplets [7] as a result of varicose instability [9] .
Calcium alginate hydrogel owing to its interconnected open pore network does not effectively retain small molecular size compounds and thus often leads to an initial burst release in aqueous environments [10] [11] [12] [13] . Therefore, for controlled delivery purposes it is necessary to retard the diffusion rate of such compounds by coating the surface of hydrogel particles or reinforce their structure with a secondary polymer.
Chitosan is a natural polysaccharide which is composed of glucosamine and N-acetylglucosamine units displaying remarkable polycation capabilities at a pH lower than 4.0 [14] . This characteristic of chitosan ensures its strong interaction with the alginate of negative charge [15] . It has been demonstrated that the zeta potential of calcium alginate particles is negative in weak acidic and neutral pHs [16] . Therefore, once calcium alginate microhydrogels are introduced into a chitosan solution, a membrane is created around the particles as a result of the electrostatic interactions between alginate carboxylic groups and chitosan amine groups [17] . However, the efficiency of coating as well as the crosslink density greatly varies with chitosan molecular weight. This is assumed to considerably affect the network strength and thus the ability of particles to retain the encapsulated compound within the gel matrix. Alginate-chitosan micro/nanoparticles have been employed for the encapsulation and controlled release of a number of compounds such as ampicillin [18] , sodium diclofenac [19] , triamcinolone [4] , genipin [20] 5-aminosalicylic acid [21] , brilliant blue [17] , 5-fluorouracil and tegafur [10] , as well as high molecular weight components like bovine serum albumin [22] , glucose oxidase [23] and enoxaparin [24] .
Caffeine is the most widely consumed psychoactive or central nervous system (CNS) stimulant in the world [25] . Once ingested it is rapidly absorbed into the blood stream and immediately affects CNS leading to increased alertness, reduced drowsiness and boosted energy level. Owing to these beneficial effects caffeine has received an increasing attention by the food and pharmaceutical industries. However, its bitter taste and the gastrointestinal problems it may cause in sensitive individuals are the main challenges for the direct use of this bioactive compound. Also, the body is not able to store it and thus is quickly excreted through renal system [26, 27] .
The present study was designed to entrap caffeine as a model bioactive ingredient of small molecular size in electrosprayed calcium alginate microparticles. To block the diffusion paths of caffeine and reinforce the hydrogel structure against swelling the particles were coated by chitosan of low (CHl) and high (CHh) molecular weight. The capability of the developed microcarries for controlled delivery applications were assessed by investigating their resistance to gastrointestinal conditions and the release rate of caffeine.
Materials and methods

Materials
Food grade high quality commercial sodium alginate (MW 120 k Da, guluronic to mannuronic ratio of 1.7:1) was kindly gifted by Fibrisol (Ladenburg, Germany). CHl [viscosity average molecular weight MWη~50-190 kDa, degree of deacetylation (DD): 75-85%], CHh (MWη~310-375 kDa, DD b 75%), caffeine (MW = 194.19 g/mol) and calcium chloride were purchased from Sigma Aldrich (Steinheim am Albuch, Germany). Glacial acetic acid, hydrochloric acid, sodium phosphate monobasic dehydrate and sodium phosphate dibasic heptahydrate were supplied by Merck (Darmstadt, Germany).
Preparation of solutions
Feed solution (3% w/w) was prepared by progressively dispersing appropriate amount of dry sodium alginate powder to distilled water at 40°C. Then, caffeine was added to it to make a final concentration of 1% (w/w). The solution was kept in refrigerator overnight for complete hydration of polysaccharide.
Collector solution containing 2% (w/v) CaCl 2 was prepared in distilled water. In order to minimize the concentration gradient of caffeine across the alginate particles during gelation 1% caffeine was added to the collector solution.
Coating solutions of 0.5 and 1% (w/w) CHl and CHh were prepared by dispersing appropriate amount of each chitosan fraction in 1.5% (v/v) acetic acid solution containing 2% CaCl 2 (w/v) and 1% caffeine (w/w) followed by holding at 4°C overnight for full hydration.
Preparation of hydrogel particles
Alginate microhydrogels were prepared by electrospraying of the feed solution into the collector solution in dripping mode using an electrospinning machine (Electrospinz Ltd., New Zealand) under the optimum operational conditions achieved in our previous study [28] . They were as follows: operating voltage: 8 kV, inner diameter of the nozzle: 500 μm, distance between the nozzle and the collecting bath (D): 8 cm and header tank height (H): 20 cm. Fig. 1 illustrates the schematic diagram of the experimental setup used for electrospraying of alginate solution. To ensure the completion of gelation process the particles were kept immersed in the collector solution for 20 min and then separated using an 80 mesh laboratory sieve (180 μm). Larger particles were prepared in the gravity-induced dripping mode at the same operational conditions without applying any voltages. In order to reinforce the hydrogel particles they were transferred to chitosan solution and gently stirred at 100 rpm overnight [29] .
Particle size analysis and microscopic observations
The size and morphology of alginate microhydrogels were examined using a light microscope (Leica DM 5000-D, Leica Microsystems Inc., USA) and image analysis was performed via Leica application suite software, version 4.0.0 (Leica Microsystems Inc., USA). The microstructure of gel particles was observed by a scanning electron microscope (JEOL NeoScope JCM-5000 bench top SEM, USA). Samples were freeze dried (Labconco, FreeZone 12 L, UK) at −55°C and 0.1 mBar for 48 h, coated with a gold layer by a sputter coater (Q150R Rotary-Pumped Sputter Coater, Quorum Technologies Ltd., UK) under an argon atmosphere and their surface image, was captured at an accelerating voltage of 10-15 kV under high vacuum. A Malvern laser diffraction particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., UK) was used to determine the size distribution of specimens. Drops of micro-hydrogels dispersed in distilled water were progressively added into the sample holding tank of the Fig. 1 . Schematic of the experimental setup for electrospray assisted fabrication of calcium alginate particles in dripping mode. instrument until the desired obscuration level of the laser light was obtained as instructed by the manufacturer. This was found to be at about 0.4 wt%. To homogeneously disperse the particles, the speed of agitator was set at 500 rpm. A refractive index of 1.53 was taken for alginate hydrogel. The volume mean diameter, D [3, 4] , of particles was calculated by the following equation.
Where n i is the number and d i is the diameter of particles.
Determination of encapsulation efficiency (EE)
To determine the caffeine content of particles they were mixed with 2% (w/v) sodium citrate solution followed by being vigorously shaken in a shaking incubator (Hanyang Scientific Equipment Co., Ltd. Korea) for 1 h at 37°C. This led to the dissolution of alginate microhydrogels and complete release of caffeine which was spectrophotometrically (Cromtech, CT-5700, India) measured at 273 nm. The caffeine content of particles was estimated in mg caffeine/l using the calibration curve (Absorbance = 0.0474 × concentration + 9 × 10 −5 , R 2 = 0.99) and the EE was calculated by Eq. (2).
EE % ð Þ ¼ Mass of loaded caffeine Mass of inital caffeine used Â 100
Fourier transform infrared spectroscopy (FTIR)
The IR spectra of freeze-dried calcium alginate microparticles were obtained using an FT-IR spectrometer (Bruker Alpha FTIR, US). Samples were powdered by a mortar and pestle, mixed with KBr at a ratio of 1:100 and pressed into pellets. IR spectra were recorded in the wave number range 4000-400 cm −1 with a resolution of 1 cm −1 .
Differential scanning calorimetry (DSC)
A differential scanning calorimeter (TA Instruments, Q2000, Wilmington, USA) was used to investigate the thermal behavior of samples. Freeze-dried particles (2.00 ± 0.10 mg) w sealed in a standard aluminum pan (resistant to high pressures) after weighing on an analytical balance (Sartorius®, CP225D, Germany) and heated under a stream of nitrogen (20 ml min −1 ) from 20°C to 300°C at a heating rate of 10°C /min.
Measurement of particles swelling
The swelling property of freeze-dried calcium alginate particles was studied by stirring their suspension in hydrochloric acid (pH = 1.2) and phosphate buffer (pH = 7.4) solutions at 100 rpm and 37°C in a shaking incubator (Hanyang Scientific Equipment Co., Ltd. Korea) for 2 and 6 h, respectively. The swelling ratio (%) was calculated by the following Equation:
Where D current and D initial are the average diameters of 10 particles measured through image analysis at hourly intervals and the onset of experiment, respectively [30] .
Determination of in vitro caffeine release
The release of caffeine from particles was studied by placing about 2 mg of freeze-dried sample in 100 ml agitated (100 rpm) hydrochloric acid (pH = 1.2) and phosphate buffer (pH = 7.4) solutions in a shaking incubator at 37°C for 2 and 6 h, respectively. An aliquot of 3 ml was taken at predetermined time intervals; its absorbance was recorded at 273 nm against distilled water as blank and immediately returned to the release medium. The percent release of caffeine was calculated by dividing the amount released at time t by the total amount existing in particles at t 0 = 0.
Studying the kinetics of caffeine release
To describe the caffeine release profile from particles, the release data were fitted to first order and Korsmeyer-Peppas models. The validity of models was judged according to their R 2 , RMSE and χ 2 statistics.
In the first order model, there is a straight relationship between the compound concentration and its release [31] . The equation can be written in decimal logarithm as:
Where Q t is the amount of drug released at time t, Q 0 is the amount of drug in the solution and K 1 is the first order release constant.
Korsmeyere-Peppas model is based on the Fick's Law. It is used to describe the release profile of a compound from a polymeric system when the dominant mechanism is a combination of Fickian -diffusionand non-Fickian transport, which is controlled by the relaxation of polymer chains. Korsmeyer-Peppas is a suitable model to predict the release mechanism in the first 10 h being described by the following equation [32] :
Where, M t /M ∞ is the fraction of compound released at time t (M t and M ∞ are the amount of compound released at time t and the total amount initially present in the particles, respectively). K is the release rate constant and n is the release exponent. The numerical value of n identifies the release mechanism. For spherical shaped particles, n ≤ 0.43 corresponds to Fickian diffusion mechanism, partially through a swollen matrix and water filled pores, 0.43 b n b 0.85 to non-Fickian transport and n ≥ 0.85 to case-II (translational) transport [33] .
Statistical analysis
One-way ANOVA was performed for the analysis of the experimental data based on completely randomized design (α b 0.05). Duncan's multiple range test was used to compare the means at a significance level of 0.05 using SPSS version 16.0.
Results and discussion
Particles size and morphology
The size of microhydrogel particles prepared by electrospray process was much smaller than those obtained by gravity-induced dripping method. As can be seen in Fig. 2 the mean volume diameter, D [3, 4] of electrosprayed particles was estimated to be 765.29 ± 14.53 μm with a PDI of 0.209, while for gravity-induced particles (without applying voltage) it was determined to be 2740 ± 115 μm. The size distribution curve in Fig. 2 is monomodal and almost sharp and narrow indicating that the electrosprayed calcium alginate microhydrogels were nearly monodisperse and reasonably uniform. This confirms the ability of process for producing homogeneous fine particles which are of importance for reproducible release purposes [34] . Scanning electron micrographs showed that a rough membrane formed on the surface of microspheres (Fig. 3) due to attractive electrostatic forces between negatively charged carboxylic groups of alginate and positively charged amino groups of chitosan. Increasing the concentration of chitosan led to a thicker and denser membrane with a prominent surface roughness. This can be related to the enhanced bonding of chitosan molecules owing to the availability of more positively charged groups that somehow dominates the steric effects. It is also obvious from the SEM images in Fig. 3 that the particles coated with CHh had a rougher surface with distinct fibrous morphology indicating that chitosan molecules because of their large size did not diffuse into the alginate network and thus mostly adhered to the surface. On the other hand, CHl due to having shorter chain length and less acetyl groups and hence smaller size probably diffused into the core and left the particles surface smoother but slightly granular because of the typical pattern of bonding in which loop-like regions incorporates uncoupled units of the two polyelectrolytes.
Encapsulation efficiency
For uncoated calcium alginate particles EE was measured to be 37.51% which means that a considerable amount of caffeine leached out during gelation and hardening due to the porous matrix of the gel network. Chitosan coating significantly improved the entrapment of caffeine in alginate microspheres. It was shown that 0.5% CHh and CHl increased EE to 42.06 and 59.81%, respectively. Rising the concentration of chitosan to 1% increased this parameter further leading to 46.19 and 64.28% in the case of CHh and CHl, respectively. These results clearly demonstrate that the electrostatic interactions between alginate carboxylate groups and the protonated amine groups of chitosan considerably changes the gel microstructure and blocked the diffusion paths of caffeine [35, 36] . The lower EE of CHh-coated particles can be related to the inability of this fraction to diffuse deeply into the gel core and mainly remained at the surface. In contrary, CHl owing to its smaller molecular size and less steric effect moved into the depth of the gel network and enhanced the retention of caffeine by creating a thick and dense membrane as seen in SEM micrographs (Fig. 3) . It seems that increasing the concentration of chitosan especially CHl resulted in the diffusion of a higher number of molecules into the alginate microhydrogels; in other words the crosslink density and thus the thickness and strength of chitosan membrane greatly increased at higher concentration. Fig. 4 shows the FTIR spectra of alginate, chitosan, caffeine and chitosan coated particles containing caffeine. As can be seen there two distinct bands at 1600 and 1405 cm −1 in FTIR spectrum of sodium alginate which are assigned to asymmetric and symmetric stretching vibration of carboxylate groups, respectively. N\ \H) are also distinguishable in the infrared spectrum of the particles, although they showed some shifts in their positions owing to the interactions with alginate and also the overlap resulted from caffeine contribution. The shoulders at 1539 and 1637 cm −1 can be assigned to partial protonation of chitosan (vibration of\ \NH 3 + ) which confirm presence of this polymer in the particles. The broaden band in the region 3200-3500 cm −1 is due to the stretching vibration of N\ \H and -OH of chitosan that overlaps with that of hydroxyl groups in alginate [29, 37, 38] .
FTIR
DSC
DSC can be used to characterize the thermal behavior of polymers and correlate it to their structure, hydrophilic properties and association states. Shifts of exothermic and endothermic peaks are usually associated with interactions between drugs and polymers [39] . The DSC thermogram of caffeine showed an endothermic peak at 235.56°C (Fig. 5 ) which corresponds to the melting point of this compound. It also appeared in the thermograms of pure and chitosan coated alginate particles which implies caffeine entrapment in the gel network. As can be seen this peak is much more intense for the particles coated with CHl that can be attributed to their higher caffeine content. The early endothermic peaks in the thermograms of individual polymers or particles which fall in the range 50-90°C are associated with the evaporation of the absorbed water. This is related to the hydrophilic nature of alginate and chitosan [40, 41] . The first exothermic peak at 216°C in the thermogram of sodium alginate may be attributed to partial crystallization of this polymer following degydration [42] . The second exothermic peak that revealed at 251°C is probably due to the degradation (partial decarboxylation) and oxidation of this polymer. The exothermic peak at 281°C in chitosan thermogram also indicates the onset of thermal decomposition [43] . The thermograms of particles, whether coated or uncoated, show that the first exothermic peak was shifted, the second one disappeared and a new endothermic peak appeared at 242°C compared to the thermograms of alginate and chitosan. These changes especially the appearance of the new endothermic peak can be attributed to the formation of ionic pair between -COO -in alginate and\ \NH 3 + in chitosan. It is should also be noted that the shift of the second exothermic peak to higher temperatures in calcium alginate or chitosan coated particles demonstrate that their thermal stability was improved [44] .
Swelling of particles
Almost no water uptake and hence insignificant swelling was observed when particles were incubated in hydrochloric acid solution (pH = 1.2). This is attributed to ion exchange phenomenon in which the interchain calcium ions are replaced by H + resulting in the formation of insoluble alginic acid that may limit water penetration into the particles [30, 45] . There are, however, contradictory reports on the swelling behaviour of calcium alginate microhydrogels in acidic pH. Some researchers have observed a partial shrinkage for particles in these conditions [46] . Ouwerx et al. [47] explained that at pH values lower than 4 carboxyl groups of alginate become protonated and the network may undergo a volume shrinkage as a result of decreased electrostatic repulsions between undissociated groups. In contrast, others have demonstrated partial swelling of particles when placed in acidic media. Lucinda-Silva et al. (2010) calculated a maximum swelling rate of 12% for the particles prepared with 1.5% calcium chloride. Apart -H + exchange effect, acidic pH may cause dissolution of chitosan membrane by converting free amine groups to highly soluble NH 3 + leaving the swelling to be mainly dominated by alginate matrix [35] . This may be the reason why different observations have been reported on the swelling behaviour of alginate-chitosan particles. In this study negligible changes in the surface morphology of chitosan coated particles were observed during 2 h of incubation in acidic medium. The swelling behavior of calcium alginate particles in phosphate buffer solution is controlled by the ion exchange between Na + in buffer solution and Ca 2+ within the particles. Sodium ions do not have the ability to bridge between carboxylic acid groups and thus result in a lower crosslink density and consequently more water absorption [48] . Fig. 6a shows the swelling profile of particles in phosphate buffer solution. As can be seen it is a time dependent process exhibiting a sudden increase after a time lag of 3-4 h. Swelling behavior could be well explained by the fact that soaked particles tend to absorb water until they reach an equilibrium in order to fill the void regions in the gel structure. This phenomenon is driven by osmotic pressure leading to the relaxation of polymer network. Swelling of the particles continues until osmotic pressure becomes equivalent to the force of cross-linked bonds maintaining the structure of network. When these two forces are equal, no more water absorption will occur [35] . The curves in Fig. 6a indicate that chitosan coating of particles decreases their swelling rate. This is due to complex formation between the carboxyl groups of alginate and the amino groups of chitosan. Electrostatic interaction between those polymers leads to a compact structure posing a great resistance against swelling in aqueous media [35] . Swelling rates and the percentage of unbroken particles after 8 h incubation in the swelling media are reported in Table 1 . Coating the particles with 0.5% chitosan, especially CHh, could not retain the integrity and spherical shape of particles until the final hours of incubation and only 40% of them preserved their sphericity after 8 h. This may be due to the low crosslink density of CHh as a result of being unable to diffuse into alginate microhydrogels and form a thick and dense membrane. The swelling rate for the particles coated with 0.5% CHl was lower, and N80% of them retained their spherical shape. Although uncoated particles (ALG) exhibited a higher swelling rate, they greatly preserved their integration and spherical shape (N90%). Rising the concentration of chitosan to 1% significantly strengthened the gel network as suggested by the low swelling rate data and increased percentage of unbroken particles (Table 1) . However, CHl coated revealed again a more enhanced solidity due to their more compacted and thicker membrane. Similar results have been reported by Abreu et al. [49] . Anal & Stevens (2005) had recorded a swelling rate of 222% for the calcium alginate particles coated by chitosan at the end of incubation time.
In vitro caffeine release studies
On transferring microparticles to hydrochloric acid solution, caffeine release started through diffusion due to its high solubility in the acidic media. The main portion of this burst release was related to the caffeine present on the surface of particles that easily released into the acidic solution. As is shown in Fig. 6b the highest rate of caffeine release was observed for uncoated calcium alginate particles. Chitosan coating, on the other hand, especially at 1% concentration significantly increased the retention of caffeine within the microhydrogels matrix. Although almost no changes were observed in the size of particles, it seems that Ca . Fig. 6b also shows that in phosphate buffer the release of caffeine from the particles coated with 0.5 and 1% chitosan occurred at a lower rate compared to the others. This is in agreement with the swelling trends depicted in Fig. 6a and the data given in Table 1 confirming the higher crosslink density of alginate-chitosan due to the availability of greater number of \ \NH 3 + groups in CHl fraction as well as its lower molecular weight that permits deeper diffusion into the gel matrix. Previous studies on the release of other low molecular weight compounds have also proved that it could be sustained by coating the alginate particles with chitosan [4, 10, [18] [19] [20] 38] . The release kinetics of caffeine was evaluated by Korsmeyer-Peppas and first order models. The former was found to best fit the release data as indicated by R 2 , RMSE and χ 2 statistics (Table 2) . Accordingly, the release of caffeine from microparticles can be considered to be the consequence three different processes of diffusion, swelling and dissolution of polymer matrix that simultaneously take place. The value of n in Table 2 is b0.43 for both coated and uncoated particles that denotes the release of caffeine can be described by the Fickian diffusion law. 
Conclusions
The reinforcement of electrosprayed calcium alginate particles by chitosan coating and its effect on the release of caffeine was investigated in this study. It was shown that chitosan significantly enhanced the retention of caffeine within particles by controlling the swelling rate of hydrogel matrices. This was attributed to the electrostatic interactions between the two polymers which resulted in a more strengthened network being capable of maintaining its integrity in the release medium. Of the two types of chitosan, CHl was revealed to more efficiently control the swelling of particles and thus the release rate of caffeine than CHh. The molecular weight of chitosan seems to be a determining factor for crosslink density with alginate and network reinforcement. FTIR spectra and DSC thermograms both confirmed the ionic interaction of alginate-chitosan and the entrapment of caffeine within the gel network. Mathematical modeling indicated that Fickian diffusion was the prevalent mechanism of caffeine release from the particles. The findings of this study suggest chitosan coated electrosprayed alginate microhydrogels, owing to their tunable size and sustained release behaviour, as a potential carrier systems for encapsulation and delivery of a wide range of bioactive compounds. 
